Abstract
Macrophages play a crucial role in intestinal mucosal defence, forming dense subepithelial aggregates, particularly in the colon. One of their important bactericidal mechanisms is production of oxygen radicals but this may damage the intestinal epithelium, perhaps as an early step in inflammatory bowel disease (IBD). The potential for release of oxygen radicals from mucosal macrophages in IBD was measured and whether a difference exists between newly arrived (CD14+L1+) monoctye-like cells and resident macrophages (CD14-Li-), without or with additional priming in vitro, was investigated.
Lamina propria mononuclear cells from six patients with IBD and five with a normal intestine were isolated with an ethylenediaminetetra acetic acid/collagenase/dispase technique and cultured for three days. The cells were tested with or without interferon y (200 U/ml) priming in the presence or absence of lipopolysaccharide (1 pug/ml) for the last 48 hours in culture. Samples from inflamed IBD mucosa depleted of CD14+ cells by immunomagnetic beads were compared with their undepleted counterparts and with samples from virtually normal mucosa from the same patients. The production of oxygen radicals was measured as the amount of reduced cytochrome C 2.5 hours after triggering with phorbol 12-myristate 13 -acetate. The oxygen radical production in macrophages from moderately or severely inflamed mucosa was reduced by median 69% (range 220/o-79%, p<0.027) after depletion of CD14+ cells, reaching a level similar to that found for virtually normal samples from the same IBD patients. Furthermore, this production did not increase significantly in mucosal macrophages from normal reference mucosa and from virtually normal or inflamed IBD mucosa after priming with interferon y with or without addition of lipopolysaccharide. Upregulation of a respiratory burst in subepithelial resident macrophages is not a likely pathogenetic step in IBD. The increased oxygen radical production shown by macrophages from IBD lesions can, however, be ascribed to recently extravasated CD14+L1+ monocyte-like cells. Inhibition of extravasation of these reactive cells may form part of a therapeutic approach in the future.
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Mucosal phagocytes are presumed to play an important role in local defence against invading micro-organisms. One of their major microbicidal mechanisms is 'respiratory burst', a term used for the production of oxygen intermediates such as superoxide, hydrogen peroxide, and hydroxyl groups, collectively called reactive oxygen intermediates (ROI).1 A potential side effect of ROI is cytotoxicity, which may cause local tissue damage. The dense subepithelial accumulation of macrophages in the intestinal mucosa2 3 suggests that activation of these cells with induction of respiratory burst and subsequent epithelial destruction may be an early step in the pathogenesis of inflammatory bowel disease (IBD). Macrophages newly recruited from peripheral blood4 could also contribute to this local development. Previous investigations have reported increased levels of ROI production in mononuclear cells isolated from IBD mucosa, but a distinction has not been made between the macrophages with a monocyte-like phenotype and resident macrophages. 5 We examined the respiratory burst of macrophages isolated from moderately or severely inflamed IBD mucosa compared with parallel samples obtained from virtually normal mucosa from the same patients. The effect of depleting the former cultures of recently recruited macrophages, defined by their expression of CD 146 7 and the L1 antigen or calprotectin,4 was also studied. We also examined the responsiveness of mucosal macrophages to interferon y (IFN--y) and lipopolysaccharide (LPS) with regard to induction of respiratory burst, using in vitro matured monocytes as a positive control. Our results showed that the CD 1 4+L1 + subset was responsible for most of the increased respiratory burst activity of isolated macrophages from inflamed IBD mucosa, and that this activity could not be upregulated in resident macrophages by IFN--y and LPS in contrast to in vitro matured monocytes.
Methods

TISSUE SPECIMENS
The material included surgical specimens from six patients with IBD (one specimen from the ileum and five from the large bowel) and normal intestinal reference specimens (jejunum) from five organ donors in whom peripheral circulation was artificially maintained. Three While keeping the LPMNC suspension at 4°C, aliquots representing moderately or severely inflamed IBD mucosa were depleted of CD14+ cells by immunomagnetic beads armed with antibodies to this antigen (Dynal, Oslo, Norway) and next cultured in parallel to undepleted counterparts as well as samples representing histologically normal mucosa from the same patients. The cells were seeded at a concentration of 3 x 106 cells/ml in microtitre trays and on chamber slides coated with 0-1% gelatin (Sigma), and 50% (v/v) inactivated human plasma,11-13 before adherent cells were obtained by washing away the non-adherent cells after 2-3 hours incubation as described above for blood monocytes.
CELL CULTURES RPMI-1640 (Biowhittaker) was used as medium in all cultures, with the addition of 10% (v/v) human serum (Sigma), penicillin (100 U/ml), streptomycin (100 mg/ml), gentamycin (40 mg/ml), amphotericin B (0.25 mg/ml), and L-glutamine (2 mmol/l).
Adherent LPMNC were cultured for 3 days with the addition of 1000 U/ml granulocyte/macrophage colony-stimulating factor (GM-CSF; kindly provided by ScheringPlough Research, Bloomfield, NJ) to increase the viability and survival of the cells'4; in some experiments (see below) the last 2 days adding IFN-y at 200 U/ml (Genzyme Corp, Cambridge, MA), LPS at 1 pKg/ml (from Escherichia coli strain-26 colon B-6, Sigma), or both at the same concentrations. In three experiments (one normal reference sample and two inflamed IBD specimens) the nonadherent LPMNC were cultured in parallel for comparison.
Adherent mononuclear cells from peripheral blood were cultured for 10 days, the last 2 days including parallels with addition of IFN-,y (200 U/ml) in the presence or absence of either LPS (1 ,ug/ml) or GM-CSF (1000 U/ml), or with all three agents combined at the concentrations mentioned. These experiments were performed to compare the responsiveness to stimulation with that observed for the adherent LPMNC cultures.
CELL NUMBERS AND PHENOTYPES IN CULTURES
Determination of the cell number in the microtitre trays was performed by a modification of the method described by Gillies et al. '5 Briefly, after measurement of the superoxide production the trays were centrifuged at 500 g for 3 minutes and emptied. The cells were air dried and fixed in 70% ethanol, stained with crystal violet, and solubilised; the relative cell number per well was determined spectrophotometrically. Standard curves constructed for monocytes and for adherent LPMNC were made and showed good correlation between changes in optical density (OD) and cell numbers (r>09) within each tray, in accordance with previous reports. 15 All the three categories of adherent LPMNC obtained from each IBD patient (see above) were examined in the same microtitre tray.
The percentage of macrophages in the three sample categories of adherent LPMNC from IBD patients was compared by applying butyrate esterase staining of acetone-fixed chamber slide cultures treated identically with those in the microtitre trays. To control for contamination of granulocytes, parallel preparations were stained by nuclear staining and also for chloroacetate esterase (neutrophilic granulocytes).
Immediately after separation by immunomagnetic beads, samples of CD14+ LPMNC from inflamed mucosa from four of the patients were fixed for 1 hour in 1 0% formalin and cytospins were prepared and incubated for 1 hour with tetramethylrhodamine isothiocyanate (TRITC) labelled The production of superoxide anions was measured in a rapid spectrophotometric microassay20 as the amount of reduced cytochrome C expressed by the proportional increase of OD at 550 nm during the 2-5 hours after addition of a reactant solution. Briefly, after centrifugation of the microtitre trays (3 minutes, 300 g), aspiration of the cell culture medium, and gentle washing with prewarmed colourless RPMI-1 640 (Gibco, Life Technologies, Paisley, Scotland), a mixture of 2 mg/ml cytochrome C (Sigma) and 200 nM phorbol 1 2-myristate 13-acetate (PMA, Sigma) in 100 gl colourless RPMI-1640 was added to each well and incubated for 2.5 hours at 37°C. Superoxide dismutase (SOD, Sigma) was added at 300 U/ml to selected wells to block the superoxide anion-dependent reduction of cytochrome C; these wells were used as blanks. In four of the experiments, freshly isolated monocytes were analysed in the same microtitre tray as the adherent LPMNC; these wells were used as positive controls. The results were recorded in an automated enzyme immunoassay reader (Termomax Microplate
EFFECT OF ISOLATION PROCEDURE
The LPS concentration in the enzyme solution after 1 hour's treatment of the mucosal tissue was tested by the chromogenic limulus amebocyte lysate assay (Kabi Vitrum AB, Stockholm, Sweden) and found to be in the range of 0.5-8.5 ng/ml. To evaluate the possible influence of pre-exposure to collagenase A and dispase or endotoxin during the isolation procedure on the superoxide production and its response to priming with IFN-y in the LPMNC, monocyte derived macrophages were used as a model system. Adherent blood mononuclear cells cultured for 8 days were subjected to either collagenase A (1 mg/ml) and dispase (2 mg/ml) of LPS (10 ng/ml) for 1 hour, centrifuged briefly (300 g, 3 minutes) to avoid loss of non-adherent cells, washed gently with prewarmed RPMI-1640, and then (parallel to the adherent LPMNC) cultured for 3 days with GM-CSF (1000 U/ml), the last 2 days with or without IFN-y (200 U/ml).
STATISTICS
The data were considered non-parametric and comparisons between groups were performed by the Mann-Whitney U test for unpaired samples (two tailed) and by the Wilcoxon signed rank test for paired samples. 
Results
HISTOLOGICAL EVALUATION OF DEGREE OF INFLAMMATION
The histopathological findings in intestinal tissue sections taken from the IBD specimens confirmed the macroscopical evaluation of the mucosal samples (Fig 1) range 12-1%-/o1 5 1%) was significantly reduced (p=0.026) although the difference was relatively small (27% reduction). Median 70% (range 650/o-77%) of the cells isolated by the anti-CD14 immunomagnetic beads were positive for the myelomonocytic Li marker (Fig 2) . After adherence separation the fraction of granulocytes in the cultures was median 1-0% (range 0-50/o-4.0%), and at the time of the superoxide analysis this contamination was reduced to <0-5% as determined by nuclear morphology (routine staining) and chloroacetate esterase staining. The fraction of monocytes in the monocyte cultures after 8 days was median 93% (900/o-95%) as determined by butyrate esterase staining and no granulocytes were seen.
SUPEROXIDE PRODUCTION
The PMA stimulated superoxide production in monocyte derived macrophages, both with or without IFN-y priming for 2 days, was not inhibited by incubation of the cultures for 1 hour with medium in the presence of LPS (10 ng/ml) or collagenase A (1 mg/ml) and dispase (2 mg/ml) 3 days before testing (Table I) . Also, the addition of LPS (1 ,ug/ml) or GM-CSF (1000 U/ml) together with IFN-y for 48 hours did not affect the increase in respiratory burst compared with addition of IFN-y alone (Table II) . Nor did GM-CSF (1000 U/ml) alone increase the respiratory burst in monocyte derived macrophages (n=3, data not shown) compared with controls.
The superoxide production in the undepleted LPMC cultures from moderately or severely inflamed IBD mucosa was significantly increased (p=0.028) by median 30% (range 200/o-200%) compared with samples representing histologically normal mucosa from the same patients; after CD14 depletion this level was significantly (p=0.027) reduced by median 69% (range 220/o-79%), and became similar to that of the undepleted samples from histologically normal mucosa of the same patients (Fig 3) .
There was no significant increase in PMA stimulated superoxide production in any of the samples of adherent LPMNC from IBD patients after 2 days with IFN-y (200 U/ml) and LPS (1 ,ug/ml). In adherent LPMNC from normal reference mucosa a small increase was observed (median 30%, range 00/o-120%) after priming with LPS with or without IFN-y (Fig 4) but this trend did not reach statistical significance. By contrast, there was a significant increase (median 107%, range 30%--300%; p=0.028) in the superoxide production of monocytes cultured for 8 days and then subjected to the same priming (Table II) , and also when the monocytes had been pre-exposed to collagenase and dispase or LPS as mentioned above (data not shown). These monocytes had reached a mature phenotype as determined by cell ELISA for the antigens defined by the mAbs of the MAX series (Table III) . The superoxide production per macrophage (butyrate esterase positive cell) in nonadherent LPMNC was in each case less than one third of that in the adherent cells from the same patient (p<005), as determined in two inflamed IBD specimens and in one normal reference sample (data not shown).
Discussion
Functional properties of macrophages obtained from IBD mucosa were evaluated in relation to phenotype by studying their inherent and inducible capacity for respiratory burst (release of ROI). In the isolation procedure, LPMNC were exposed to enzymes (collagenase and dispase) and trace amounts of LPS, which might have interfered with their function. The LPS concentration in the supernatant after enzymatic tissue digestion for 1 hour was 0.5-8*5 ng/ml. Incubation for 1 hour with trace amounts of LPS (1 ng/ml) has been reported to block the priming effect of IFN-y on the release of ROI from murine peritoneal macrophages.21 Furthermore, the addition of 10 ngfml of LPS together with IFN-y 0-16 k-(0.1-1000 U/ml) for 48 hours to cultures of murine peritoneal macrophages reduced the IFN-y dependent upregulation of the ROI release. 22 However, using in vitro matured monocytes as a macrophage model system, we did not find that LPS reduced the priming effect of IFN-y on ROI production, either when the cultures were pre-exposed to LPS at 10 ng/ml for 1 hour at the beginning of the culture period, or when LPS at relatively high concentrations (1 pug/ml) was incubated together with IFN-y for 48 hours. Proteolytic enzymes have been reported to exert a priming effect on PMA triggered ROI production in murine peritoneal macrophages,23 out Mahida et al5 could not find such an effect on human monocytes. both studies measured ROI production directly after the enzyme treatment. In our study, in vitro matured monocytes showed no inhibition of PMA triggered ROI production or its priming by IFN--y measured 3 days after exposure to collagenase and dispase for 1 hour. Conversely, the PMA triggered ROI release tended to be increased, but not significantly so.
In our study, adherent LPMNC cultures were allowed to reconstitute for 24 hours in medium containing GM-CSF to improve the viability before priming with IFN-y, with or without addition of LPS. Coleman et al 24 found that GM-CSF stimulated the oxidative metabolism after 48 hours' incubation of murine resident peritoneal macrophages, but other studies did not show any effect of GM-CSF on ROI production in human monocyte derived macrophages.25-27 Our results with in vitro matured monocytes showed no additional increased in PMA triggered ROI production 0.14 - We found a decrease in ROI production (median 69%) when LPMNC isolated from inflamed mucosa were depleted of CD14+ cells. This significant reduction documented for the first time that CD14+ cells are the main contributors to the increased ROI production shown by macrophages from inflamed IBD mucosa, as observed both previously5 and in this study. The strong increase in respiratory burst activity of in vitro matured monocytes after IFN-y priming with or without LPS, and the maintenance of such high activity in monocytes cultured for more than 1 week in the presence of IFN-^y30 and LPS,3' supported the possibility that monocytes extravasating at inflammatory sites retain a high capacity for respiratory burst. Using the myelomonocytic Li marker or calprotectin,32 we have previously shown a relative increase in the monocyte-like fraction of cells in IBD mucosa with increasing degree of inflammation. 4 The high percentage of CD 14+ cells which reacted with antibody to Li in LPMNC isolated from inflamed IBD mucosa substantiated our conclusion that most CD14± cells responsible for an increased respiratory burst have been recently extravasated in the lesion.
The difference in respiratory burst activity observed between adherent LPMNC from inflamed and histological normal IBD mucosa remained unchanged after stimulation with IFN--y in the presence or absence of LPS. This finding was compatible with the notion that inflamed IBD mucosa contains a fraction of already highly activated macrophages newly derived from peripheral blood, and that resident macrophages in the mucosa of IBD patients are resistant to an upregulation of respiratory burst by inflammatory mediators such as IFN--y and by LPS. The same was found to hold true for macrophages in LPMNC cultures obtained from normal reference mucosa. The significant response to the same agents seen in the in vitro-matured monocytes 3 days after incubation with LPS and enzymes, suggested that the absent upregulation in resident macrophages was not a result of the experimental conditions but reflected an intrinsic property of these cells. Their lack of response to LPS is also in line with the view that CD 14 is crucial for the cellular recognition and stimulatory effect of this factor.33 It would be interesting to compare the results we obtained for intestinal resident macrophages with those of similar studies of such cells from other human mucosae as well as non-mucosal tissues. As far as we know there are no such data available.
In conclusion, we found an increased respiratory burst in isolated macrophages from mucosal areas with moderate or severe inflammation compared with virtually normal mucosa from the same IBD patients tested in parallel. Our results strongly suggested that this increased respiratory burst arose in recently recruited CD14+L1+ monocyte derived cells rather than being explained by inflammation induced upregulation of such activity in resident macrophages. Inhibition of extravasation of the C14+L1+ subset might play a part in treatment in the future. Based on our findings, stimulation of respiratory burst in the normal subepithelial population of mucosal macrophages is not likely to be involved in the pathogenesis of IBD.
